INTRODUCTION 22
When an arterial high-standard highway is built, it is necessary to construct the fill or the elevated bridge 23 to overpass other roads and railways. Most of the time, however, the fill structure acts as a wall that 24 partitions an area. Unlike an elevated bridge, that does not partition an area into two, fill structures often 25 create a partition, thereby obstructing the free flow of the wind and denying people direct access.
26
Recently, multi-arch culvert embankments ( Fig. 1 ) of continuously arranged precast arch culverts in the 27 direction of the road extension are proposed as a solution to such problems. The shape of the embankment 28 is close to that of a bridge structure, due to the void space of the precast arch culverts, and it is more open 29 than with the general fill method. Continuous arch culverts make the structure blend in well with the 30 environment and beautify the scenery. The reuse of the removed soil from the cut ground is also possible, 31 therefore being more economical than an elevated bridge. It is expected that the demand for this new type 32 of structure will increase in the future from an economic point of view.
33
The design of traditional culvert structures in Japan has not considered seismic stability, because such 34 structures have not suffered terrible damage in past earthquakes. Even now, therefore, it is thought that 35 earthquake stability need not be considered for the range in application of traditional culverts. Table 1   36 shows the range in application of traditional culverts. For each type of culvert, the range in overburden 37 and scale section has been determined. In addition to the conditions defined on the table, the following 38 seven requirements should be met in order to apply the design to traditional culverts. 1995. Since only a numerical analysis was carried out to study the earthquake resistance of multi-arch 60 culvert embankments, however, the research cannot be said to have been sufficient.
61
A couple of research works have been done to investigate the earthquake-proof stability of multi-arch and concluded that the increase in ground stress and volumetric strain was constricted when the spacing 65 between arch culverts was close. In seismically active countries, like Japan, an investigation of the earthquake-proof stability is necessary and indispensable. Therefore, in addition to a numerical analysis,
67
an experimental study is also deemed important.
68
It is thought that the greatest factor affecting the earthquake resistance of multi-arch culvert embankments 69 is the spacing between consecutive arch culverts installed in the embankment.
70
When the unit spacing is narrow, it is thought that there is a possible increase in the interaction of the arch 71 culverts, because the volume of the ground between units becomes smaller and the response of an arch 72 culvert and its surrounding soil increases.
73
In the present study, firstly, dynamic centrifuge model tests and a FEM analysis are carried out to clarify 74 the basal earthquake behavior of this structure and verify the numerical approach. In the experiment,
75
however, two units of arch culverts were modeled due to the restriction of soil chamber. Hence the 76 full-scale numerical analysis which removed the boundary effect has been executed to investigate the 77 influence of spacing between multi-arch culverts and mechanical behavior under seismic conditions.
79

CENTRIFUGE MODEL TESTS 80
Experimental set-up
81
Centrifuge model tests were performed under a gravitational acceleration of 50 G. A soil chamber, 450 82 mm long, 300 mm deep and 150 mm wide, with a transparent front window, was used for the tests. ground. This results in the unit spacing being smaller than in cases where an ordinary fill material is used.
91
The difference in the dynamic behavior by unit spacing was examined in this study using a sandy fill was then dried in air for 24 hours and, after that, oven dried for another 24 hours. Table 2 shows the 100 material constants of the arch culvert model. In situ precast arch culverts were made by joining several 101 precast sections, and their joints were connected using pre-stressed concrete wire. The joint stiffness is 102 somewhere between rigid and hinged. However, the arch culvert model in this study was made as an 103 all-in-one design structure in order to make a simple model. Arai et al. (2011) was divided into three parts in the depth direction, and sponge tape was thinly stuck between the culvert 111 models and between the wall and the models in order to reduce friction.
112
In this experiment, the strain of the arch culverts was measured to calculate the bending moment and the 113 axial force generated on an arch culvert. A strain gauge was stuck on both feet parts, both shoulder parts 
Embankment and ground
117
Both the foundation ground and the filling were made from dry Toyoura sand using a sand hopper. The 118 falling height of the sand was adjusted in such a way that a relative density of 85% was achieved. Table 3 119 shows the properties of Toyoura sand. The reason for making a dense sandy ground is that when the arch 120 culverts are set up directly on the ground without ground improvement, the N value of the foundation 121 ground is defined as 15 or more in the design manual. The design manual also describes the degree of 122 compaction as being not less than 92% in many cases of filling construction. The wave pulse of the prototype, 1 Hz, was input by controlling the displacement of the vibration table. 
EXPERIMENTAL RESULTS
133
Acceleration at center of unit spacing was the widest, showed a similar pattern to that observed in Case-0. This is due to the fact that 143 the unit spacing in Case-4 is so wide that the arch culverts had few influence on the ground at the center 144 of the culverts. Therefore, when the unit spacing is wide enough, it can be concluded that the behavior of 145 the soil between the arches is similar to the case in which there are no culverts. In all cases, the influence 146 of the installation spacing on the fill between the arch culverts was similar.
148
Bending moments
149
When the stability of a concrete structure against earthquakes is evaluated, the point that is noteworthy is 150 the generation of excessive bending moments. Fig. 9 shows the distribution of bending moments 151 generated in the arch culverts. A positive bending moment is defined for the case where tension is 152 generated inside the arch culvert. The dotted line in the figure shows a bending crack generation moment.
153
The following four states, (a) the initial state, (b) when the maximum bending moment is generated at the chamber was used in the experiment, the analytical domain was made to be the same size as the soil 179 chamber with both sides horizontally restrained.
180
The input ground motions used in this analysis is the time history of acceleration measured by Case-3 of 181 the experiment shown in Fig. 5 (b) . In the dynamic analysis, viscous damping is adopted and the direct and 50%) were conducted preliminarily and then the ratio was dictated as 30%. Moreover, the interface element was arranged on the boundary division of the culverts and the ground to 207 represent the influence of friction. The parameters of the interface element, as shown in Fig. 12 shows the time history of the acceleration and the Fourier spectrum of Acc-1 and Acc-2 for Case-3.
214
The acceleration obtained from the analysis tends to become small in the vicinity of the maximum and the the experimental results comparatively well, although the behavior after 3 seconds becomes a little large.
232
In the time history of the axial force, although the initial value is different from the start in the shoulders 233 and the top part, as referred to above, it can be seen that the tendency of the experiment is reproduced. comparatively when the unit spacing is wide.
258
In order to explain this behavior, the lateral deformation at the center of the units, for all analytical cases 259 incorporating arch culverts, is shown in Fig. 16 . From the figure, it is clearly understood that the lateral 260 deformation becomes large when the unit spacing broadens.
261
However, well-marked difference of bending moment between cases is only at the corner of intersection,
262
and difference at other parts is several percent. It can be concluded, therefore, that the difference in 263 bending moments was not able to be confirmed accurately through the experimental study.
264
After shaking, the residual value became little larger than the initial value at corners of intersection near 265 the soil chamber in common with experiment. pressure ratio of P-1 and P-2 are shown in Fig. 18 . P-1 and P-2 in Fig. 18 show that the maximum vertical 272 earth pressure ratio becomes large as the unit spacing becomes large. In order to check the distribution of 273 earth pressure for the culvert, the earth pressure of normal direction which acts on the boundary portions 274 of the ground and the right-hand side culvert when the P-1reaches the maximum were shown in Fig. 19 .
275
From the figure, it can be seen that the large earth pressure is generated at the culvert's right and left side 276 in the case where a unit spacing is large, hence large earthpressure has occurred in the left end part of 277 invert, and vertical earth pressure ratio of P-1 enlarged.
278
Based on the above results, the experimental study could be simulated accordingly in the present study by 279 using a constitutive model for the ground and the arch culverts. with Case-1. Moreover, when unit spacing is wide, large bending moment is already generated in the 305 initial state because of the self-weight of the surrounding soil. when the installation spacing is wide, the amount of the subsidence at the center of the unit becomes large.
330
It is because that the volume in the fill part where the weight is comparatively large increases when unit In this study, firstly, dynamic centrifuge model tests and a FEM analysis are carried out to clarify the 337 basal earthquake behavior of this structure and verify the numerical analytical approach. In the 338 experiment, however, two units of arch culverts were modeled due to the restriction of soil chamber.
339
Hence the full-scale numerical analysis which removed the boundary effect has been executed to 340 investigate the influence of spacing between multi-arch culverts and mechanical behavior under seismic 341 conditions. The following conclusions can be drawn from the results of this study:
342 1) When earthquake-proof stability of culvert is examined, the generation of bending moment at the foot 343 is especially important, and the influence of the installation interval on the fill between arch culverts 344 was remarkable at the foot. 2) In case with wide unit spacing, large maximum bending moment is generated compared with the case 346 with narrow unit spacing. Acc-5
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